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By Thanuja Ranawaka1 and Mahen Mahendran2 
Abstract 
In recent times, light gauge cold-formed steel members have been used 
extensively in low rise buildings. However, they are susceptible to various 
buckling modes including local and distortional buckling. Fire safety design of 
building structures has received greater attention in recent times but mainly for 
heavier, hot-rolled steel members. The buckling behaviour of light gauge cold-
formed steel members under fire conditions is not well understood. The buckling 
effects associated with thin steel construction are significant and have to be 
taken into account in fire safety design. Therefore, a research project involving 
both experimental and finite element analyses was undertaken to investigate the 
distortional buckling behaviour of light gauge cold-formed steel compression 
members at elevated temperatures. Lipped channel sections made of various 
thicknesses and both low and high strength steels were designed to buckle 
distortionally, tested and analysed. The distortional buckling and ultimate 
strength results from experimental and finite element analyses were then 
compared with the predictions from the current design methods in order to 
assess their suitability under fire conditions. This paper presents the details of 
this investigation and the results. 
1. Introduction 
In recent times light gauge cold-formed steel construction has replaced the 
conventional hot-rolled steel construction in many cases due to its many 
advantages. Development and usage of cold-formed steel structural members 
came to use in building construction in the mid eighteenth century in the United 
States and Great Britain. Today most developed countries increasingly use cold-
formed steel framing systems for houses and other low-rise constructions. 
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However, cold-formed steel structures are subjected to a more complex 
behaviour than traditional hot-rolled steel structures. They are subjected to 
various buckling modes including local, distortional, global and their 
interactions. Previous research was mostly concerned about local and global 
buckling modes and there is a wealth of knowledge on these modes at ambient 
temperature. 
On the other hand, structures can accidentally catch fire or are deliberately set 
on fire which can cause loss of life and property, not only because of fire but 
also due to the structural failure. Fire damage of low-rise buildings and dwelling 
units that are more commonly built in cold-formed steel has been found to be 
greater than that of high-rise buildings. Therefore, it is necessary to fully 
understand the structural behaviour of light gauge cold-formed steel structures at 
elevated temperatures. 
Current knowledge on the structural behaviour of light gauge cold-formed steel 
members under fire conditions is limited. Distortional buckling effects of these 
members are significant and have to be taken into account in fire safety design. 
The effects of fire conditions on the distortional buckling behaviour of light 
gauge cold-formed steel compression members are not known. Further, there is 
limited research on the relatively new distortional buckling mode of light gauge 
cold-formed steel compression members even at ambient temperature. 
Therefore, this research was conducted to investigate the distortional buckling 
behaviour of light gauge cold-formed steel compression members at ambient 
and elevated temperatures. 
Most experiments regarding distortional buckling failure were carried out at the 
University of Sydney and Cornell University. Lau and Hancock (1987) have 
presented equations for the elastic distortional buckling stress of channel 
columns, which was included in the Australian / New Zealand design standard, 
AS 4600 (SA, 1996). Further, Kwon and Hancock (1991) have presented design 
expressions to determine the inelastic distortional buckling or interaction of 
local and distortional buckling for thin steel slender sections with high yield 
strength. However, their research was limited to ambient temperature and some 
standard sections. 
Research into the behaviour of cold-formed steel structures in fire situation has 
been carried out in Finland, Sweden, The United Kingdom, New Zealand and 
Australia (Kaitila, 2002). Klippstein (1978) has examined the strength of cold-
formed steel wall studs exposed to fire and has presented some expressions to 
determine the failure load. But this research does not include distortional 
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buckling phenomena. Based on extensive tests and finite element modelling, 
Ranby (1999) argued that the basic equations of Eurocode 3, Part 1.3 can be 
directly used in fire design by simply applying the reduced mechanical 
properties as a function of temperature. However, he only considered the 
flexural and flexural torsional buckling modes in his studies. Kaitila (2002) 
carried out research to compare the Eurocode 3 calculations with finite element 
modelling results for simply supported plate and lipped channel sections. 
However, his research was also limited to local, flexural and flexural torsional 
buckling modes. Lee et al. (2003) investigated the local buckling behaviour of 
cold-formed un stiffened and stiffened elements made of low and high strength 
steel grades at elevated temperatures. Design rules for the effective width at 
ambient temperature were modified by using appropriate reduction factors of the 
elasticity modulus and yield strength to assess the suitability of the rules at 
elevated temperatures. Feng et al. (2003a and b) have carried out some 
experiments of distortional buckling of cold-formed steel members at elevated 
temperatures. However, their research did not consider higher strength steels 
that are commonly used in Australia. 
This paper presents the details of an experimental study of light gauge cold-
formed steel lipped channel compression members at ambient and elevated 
temperatures for low and high strength steels. The experiments were undertaken 
at varying temperatures up to 800ae. The paper also describes a finite element 
model developed using ABAQUS for a range of lipped channel sections with 
various thicknesses. Finally it presents the current design rules with respect to 
the distortional buckling behaviour by using the developed finite element model 
and the experiments. 
2. Experimental Investigation 
Experimental investigations were carried out for lipped channel sections made 
of low (0250 with the nominal yield strength of 250 MPa) and high (0550 with 
the nominal yield strength of 550 MPa) strength steels. The sections were 
designed to fail by pure distortional buckling at ambient and elevated 
temperatures. The section dimensions were decided based on the results from 
the finite strip program Thin-wall. However, Thin-wall program is based on the 
pin-end conditions and therefore the suitability of selected sections was verified 
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Figure 1 Buckling stress plot of 0.8 mm lipped channel section from Thin-
wall and ABAQUS 
The Thin-wall program results show that the pure local buckling occurs up to a 
half wave length of 100 mm and pure distortional buckling from 140 mm to 270 
mm. The minimum elastic distortional buckling stress occurs when the half 
wave length equals to 180 mm. The behaviour changes to pure global buckling 
mode when the half wave length is about 300 mm. According to the finite 
element model pure local buckling occurs up to 125 mm and from 150 mm to 
250 mm it shows pure distortional buckling with one wave. However, when the 
column length is more than 300 mm it shows pure distortional buckling failure 
mode with more than one wave. When it is close to 600 mm the failure occurs 
due to the interaction of global and distortional buckling modes and when the 
column length is more than 700 mm pure global buckling occurs. However, 
according to the results from Thin-wall and finite element analyses, both showed 
that pure distortional buckling with one wave occurs when the column length is 
between 150 mm to 250 mm. Therefore, the column length was selected as 180 
mm so that pure distortional buckling would occur. However, the elastic 


























































































































































































































































































































































































analyses (FEA) is higher than that for pin-end conditions based on Thin-wall 
program. Therefore, all the columns were first designed based on Thin-wall 
program results. It was then validated using the FEA. 
Test specimens 
Experiments were carried out on 0.8 mm thick lipped channel sections. The 
dimensions of the specimens were selected based on the results from Thin-wall 
program and FEA. The base metal thickness was used in all the strength 
calculations. Figure 2 shows the nomenclature of the cross section and Table 1 
gives the measured dimensions. 
b t 
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Figure 2 Lipped channel section 
Test procedure at ambient temperature 
Experiments were carried out under fixed-end conditions since the testing was 
easier than the pin-end conditions. Further, the pin-end specimens may develop 
an additional moment after the elastic local buckling failure although it is not 
known whether it occurs for distortional buckling failure. Specially designed 
end plates with a 5 mm groove were used to ensure the proper fixed-end 
conditions (see Figure 3). Pyrocrete 165 coil grout was used to fill the groove in 
the end plates. Pyrocrete 165 coil grout had a higher strength even at elevated 
temperatures and did not show any shrinkage after setting. 
The tests were carried out by using Tinius Olsen testing machine in the QUT 
structural testing laboratory (see Figure 4). Displacement control method was 
used to apply the compression load at a rate of 0.3 mmlmin. Three displacement 
transducers were used at the mid height of specimens to measure the 
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deformation of specimens at the centre of the web and at the flange ends near 
the lips. Axial shortening of the specimens was also recorded. 
Figure 3 Fixed-end condition Figure 4 Test set-up at 
aunbientteunperature 
Test procedure at elevated teunperature 
(a) Before testing (b) After the failure 
Figure 5 Distortional buckling test at elevated teunperature 
Elevated temperature tests were also carried out under fixed-end conditions. A 
specially designed electrical furnace was used to carry out the experiments (see 
Figure 5).The specimens were heated at a rate of 10 to 20°C/min and were kept 
for about 20 minutes after the furnace temperature reached the required 
temperature. The air temperature in the furnace was measured by thermo 
couples in the furnace and the specimen temperature was measured by an 
additional thermometer. Different levels of temperatures were used: 200, 350, 
500, 650 and 800°C. The specimens were allowed to freely expand when the 
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temperature was increased. A steady state test method was used in which the 
axial compression load was increased until the specimen failed while 
maintaining the specimen temperature. Horizontal out-of-plane displacement of 
the flange at the mid height of the specimen and axial shortening were measured 
until failure. 
3. Mechanical properties 
The mechanical properties have a significant effect on the behaviour of light 
gauge cold-formed steel compression members. The mechanical properties are 
also essential for finite element and finite strip analyses under various 
temperatures. Therefore tensile coupon tests were carried out to determine the 
mechanical properties of light gauge cold-formed steels at ambient temperature 
(20DC) , and the results are given in Table 2. The mean value of the measured 
Young's modulus was about 200,000 MPa for both steel grades. The yield 
strength and the modulus of elasticity were then calculated at elevated 
temperatures based on the reduction factors derived by Lee et al. (2003) (see 
Table 2). As seen in Table 2, the Young's modulus does not vary as a function 
of the steel grade. Table 2 values were then used in the finite element analyses 
and in the analyses of experimental results and the use of ASINZS 4600 design 
equations. 
Table 2 Mechanical properties at various temperatures 
Temperature Young's Modulus fYT for 0.8 
DC ET (MPa) mmG250 
steel 
20 200000 300.0 
200 172000 283.0 
350 130000 248.6 
500 88000 179.0 
650 43267 96.5 
800 11647 30.0 
where, ET - Young's modulus at specIfied temperature 
fYT - Yield strength at specified temperature 









4. Finite element analysis 
ABAQUS and MSCIPATRAN were used as finite element analysis tools to 
investigate the behaviour of cold-formed steel compression members at ambient 
and elevated temperatures. S4R element type was selected to adequately 
simulate the buckling deformation and yielding of light gauge cold-formed steel 
compression members. Full column length was used to model the compression 
members. A uniformly distributed compression load was applied to the upper 
nodes of the member (see Figure 6). A 5 mm X 5 mm mesh was selected for all 
the sections (see Figure 7). Fixed-end boundary condition was simulated at both 
ends with one end being allowed to move freely along the column length. 
Since, the geometric imperfections are one of the governing factors of 
distortional buckling behaviour, measured imperfection values were included in 
the finite element modelling. However, according to Narayanan and Mahendran 
(2002), residual stresses had only a small effect on the strength of columns 
subject to distortional buckling. Therefore, residual stresses were not included in 
the finite element analyses. 
Figure 6 Application of 
the uniform load 
5. Current design rules 
Figure 7 Distortional buckling 
failure mode from the FEA 
Unlike local or global buckling behaviour of light gauge cold-formed steel 
compression members, there is a lack of design rules for the distortional 
buckling behaviour. AustralianlNew Zealand Standard, ASINZS 4600 (SA, 
1996) for cold-formed steel structures includes the design rules for the singly-
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symmetric sections subjected to distortional buckling (see Equation 1). 
However, they were developed for ambient temperature. Therefore their validity 
at elevated temperatures was investigated by using the reduced mechanical 
properties (see Table 2) and elastic distortional buckling stress (fad) obtained 
from the finite element analyses. 
Afn = Afy(l- j:J 
For f!l3 ~ fad ~ f!2: 
At. = A+OSS( g: ~ 36 J +0237] 
where, fad - Elastic distortional buckling strength 
fy - Yield strength 
A - Gross cross sectional area of the specimen 
fn - Ultimate failure strength 
6. Comparison of results 
(1) 
The experimental ultimate loads were compared with the results from AS/NZS 
4600 equations and FEA. The reduced mechanical properties at elevated 
temperatures were used for both finite element analyses and AS/NZS 4600 
equations. Further, another reduction factor of 0.9 was used according to 
AS/NZS 4600 (SA, 2003-Draft) for the yield strength of high strength steel to 
obtain the ultimate load from AS/NZS 4600 equations when the steel thickness 
is less than 0.9 mm. The experinlental and calculated loads are shown in Tables 
3 and 4. The ultimate loads obtained from the experiments and FEA were also 
plotted against the temperature in Figures 8 and 9. 
According to Tables 3 and 4 and Figures 8 and 9, both FEA and AS/NZS 4600 
predictions agree reasonably well with the experimental results up to 500°C. 
However, at higher temperatures both high strength and low strength steel 
columns show higher unconservative values compared with the experimental 
results. This might be because of the inaccurate yield strength and modulus of 
elasticity values or due to inaccuracy in the lower load measurements. The finite 
element analysis was then extended to develop the ultimate load results of lipped 
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Figure 9 Ultimate load vs. temperature for 0.8 mm G550 steel 
Note: PExp - Ultimate load from Experiments 
PFEA - Ultimate load from FEA 


































































































































































































































































































































































































































Table 5 Ultimate loads of 0.6 mm G250 steel column 
Temperature P FEA PASINZS P ASINZsfPFEA 
20 14.20 13.87 0.97 
200 12.50 12.54 1.00 
350 9.80 10.07 1.02 
500 6.75 6.98 1.03 
650 3.38 3.52 1.04 
800 0.93 0.98 1.05 
Table 6 Ultimate loads of 0.6 mm G550 steel column 
Temperature P FEA P ASINZS P ASlNzslPFEA 
20 16.55 17.40 1.05 
200 14.60 15.90 1.09 
350 11.65 13.14 1.12 
500 8.35 9.74 1.16 
650 4.35 5.40 1.24 
800 1.14 1.39 1.22 
Tables 5 to 8 show the comparison of ultimate distortional buckling failure 
loads from the finite element model and AS/NZS 4600 equations. Both low 
strength and high strength cold-formed steel members were used with the 
thicknesses of 0.6 mm and 0.95 mm. These results indicate that the current 
AS/NZS 4600 design equations are able to predict the ultimate loads 
accurately at ambient temperature for both grades of steel. At elevated 
temperatures, they were able to predict reasonably accurate « 5%) or 
conservative results for lower strength steel columns. However, they appear 
to be inaccurate and unconservative for higher strength steel columns (see 
Tables 6 and 8). 
Table 7 Ultimate loads of 0.95 mm G250 steel column 
Temperature P FEA PASINZS P ASINZsfPFEA 
20 26.89 24.98 0.92 
200 24.64 22.98 0.93 
350 20.29 19.25 0.94 
500 14.24 13.55 0.95 
650 7.26 7.03 0.96 
800 2.02 2.04 1.01 
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Table 8 Ultimate loads of 0.95 mm G550 steel column 
Temperature PFEA PASINZS P ASINZSIPFEA 
20 36.35 37.22 1.02 
200 31.79 32.81 1.03 
350 24.80 25.65 1.03 
500 17.16 19.05 1.11 
650 9.07 10.56 1.16 
800 2.40 2.77 1.15 
7. Conclusions 
A series of compression tests of 0.8 mm lipped channel section columns 
made of both low and high strength steels has been undertaken to investigate 
their distortional buckling behaviour under ambient and elevated 
temperature conditions. A finite element model was developed and validated 
with respect to the experimental results. Numerical analysis was then 
extended to include other thicknesses of 0.6 and 0.95 mm. Ultimate 
distortional buckling failure loads were calculated using the ASINZS 4600 
equations by introducing the reduced yield strength and modulus of 
elasticity values. 
Comparison of the ultimate failure loads from the experiments, FEA and 
AS/NZS 4600 showed that experimental loads agreed with both FEA and 
ASINZS 4600 loads up to 500°C. The ASINZS 4600 design equations were 
found to be adequate at ambient temperature and for lower strength steel 
columns. However, they appear to be inaccurate and unconservative for high 
strength steel columns at elevated temperatures. Further research is currently 
under way to investigate these in detail. 
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Appendix - Notations 
A - Gross cross sectional area of the specimen 
b - Web width 
BMT - Base metal thickness 
By - Young's modulus at specified temperature 
f - Flange width 
fn - Ultimate failure strength 
fod - Elastic distortional buckling strength 
fy - Yield strength 
fYT - Yield strength at specified temperature 
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1- Lip width 
P ASINZS _ Ultimate load from AS/NZS 4600 
PFEA - Ultimate load from FEA 
PExp - Ultimate load from experiments 
TCT - Total coating thickness 
